Abstract The onset and symptoms of the myotonic dystrophies are diverse, complicating their diagnoses and limiting a comprehensive approach to their clinical care. This report analyzes the diagnostic delay (time from onset of first symptom to diagnosis) in a large sample of myotonic dystrophy (DM) patients enrolled in the US National Registry [679 DM type 1 (DM1) and 135 DM type 2 (DM2) patients]. Age of onset averaged 34.0 ± 14.1 years in DM2 patients compared to 26.1 ± 13.2 years in DM1 (p \ 0.0001). The most common initial symptom in DM2 patients was leg weakness (32.6 %) compared to grip myotonia in DM1 (38.3 %). Pain was reported as the first symptom in 11.1 % of DM2 and 3.0 % of DM1 patients (p \ 0.0001). Reaching the correct diagnosis in DM2 took 14 years on average (double the time compared to DM1) and a significantly higher percentage of patients underwent extended workup including electromyography, muscle biopsies, and finally genetic testing. DM patients who were index cases experienced similar diagnostic delays to non-index cases of DM. Further evaluation of how to shorten these diagnostic delays and limit their impact on burdens of disease, family planning, and symptom management is needed.
Introduction
The myotonic dystrophies (DM) are the most common adult muscular dystrophy and can manifest at any age. They have some of the most diverse, disease related symptoms known in medicine [1] . Myotonic dystrophy type 1 (DM1) results from an unstable trinucleotide repeat expansion (CTG) n in the dystrophia myotonica-protein kinase (DMPK) gene located on chromosome 19q13.3 [2] [3] [4] . Myotonic dystrophy type 2 (DM2) is due to an unstable four nucleotide repeat expansion (CCTG) n in intron 1 of CNBP/ZNF9 on chromosome 3q21.3 [5, 6] . Evidence suggests that manifestations of both DM1 and DM2 primarily result from abnormal regulation of alternative splicing and RNA toxicity [7] [8] [9] [10] .
Manifestations of DM1 and DM2 include dominant inheritance, myotonia, muscle weakness, cataracts, and multi-system complications involving the brain, smooth muscle, and cardiovascular and endocrine systems [1, 10] . Examples of multi-system effects of DM include hypersomnia, cardiac conduction defects, insulin resistance, and complications with anesthesia [1] . The onset of DM1 is commonly in the second and third decades [1, 10] . DM1, The Registry Scientific Advisory Committee members are given in ''Appendix' '. however, can manifest in childhood. In addition to muscle weakness, patients with childhood-onset DM1 often have mild to severe learning disability and other cognitive difficulties [11, 12] . The most severe cases are congenital DM1 with infant onset of manifestations, including respiratory distress, feeding problems, speech difficulty, and developmental delay in patients who survive the early months of life [12] . No congenital form exists in DM2. Other distinguishing manifestations of DM2 are proximal weakness, later onset of cognitive symptoms, and more severe muscle pain [13] [14] [15] [16] . Cognitive symptoms in both disorders include compromised executive function and avoidant personality [17] [18] [19] [20] [21] [22] . However, DM2 has less severe daytime sleepiness and lower risk of complications with anesthesia compared to DM1 [10] .
The onset of symptoms in DM2 occurs later in adulthood than in DM1, but both diseases can share a spectrum of similar presenting symptoms. At recent international conferences, data from us [23] and colleagues in Germany [16] have described new insights into the spectrum of initial symptoms that occur in DM2 and new information on the delay in reaching an accurate diagnosis. More information is needed to substantiate these findings, compare diagnostic delays in DM1 versus DM2, and to increase awareness of the wide range of manifestations and onset of DM. Diagnostic delay in DM2 is often challenging because many patients lack core elements of DM, such as, clear dominant inheritance, myotonia on clinical exam, obvious electromyography (EMG) abnormalities, or cataracts [24, 25] . Many symptoms of DM2 resemble the diffuse muscle pain and stiffness associated with other disorders, such as fibromyalgia, and delay accurate diagnosis [26] . With many potential misdiagnosed and undiagnosed patients, the prevalence of DM2 is likely higher than currently assumed [26] . Indeed, new evidence suggests that DM2 may be as prevalent as DM1 in certain countries [27] .
In light of these observations, and in the view of breakthroughs in the development of potential new treatments for myotonic dystrophies [28] [29] [30] , we analyzed diagnostic delay and previous misdiagnoses in a large sample of DM patients (n = 814) enrolled in the NIH sponsored National Registry of DM and Facioscapulohumeral Muscular Dystrophy Patients and Family Members. Understanding and preventing delays in diagnosis may reduce the burden of disease, facilitate family planning, improve symptom management in the short term, and facilitate more specific treatment in the long term.
Methods
This study received approval from the Research Subjects Review Board of the University of Rochester and has been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. Registry membership is based on written consent, patient reported information (demographics, symptoms, etc.), and review of each member's medical record including clinical examinations and laboratory results [31] . Approximately half of the members of the Registry have genetic confirmation of their disease. Patients without DNA testing are classified through stringent review of medical records and based upon current clinical guidelines and family history [31] . These clinically defined patients may more closely reflect the general population of DM, as many patients do not have genetic testing because of lack of health insurance, family history, and concerns about privacy [31] .
This study analyzed de-identified data from Registry members classified with genetically proven or clinically defined DM1 and DM2. Congenital DM1 members were excluded from data analysis. Congenital DM1 is classified in the Registry as patients with facial and limb muscle weakness that is apparent within the first 4 weeks of life and who have positive DNA testing or a mother with DNA positive DM1 or a clinically probable diagnosis of DM1.
The medical records of genetically confirmed DM2 members of the Registry were also analyzed through a retrospective chart review to assess potential misdiagnoses. Registry members with DM1 and DM2 were compared with respect to first symptoms, diagnostic tests, and diagnostic delay (time from onset of first symptom to diagnosis). Members are allowed to report up to four first symptoms with only one corresponding age of onset (for example, members may report age of onset at 32 years with grip myotonia, weakness, and fatigue). First symptoms were classified into 28 categories to allow specific clinical details. For example, myotonia was subdivided into categories for grip, jaw, and leg myotonia.
To compare first symptoms with respect to their corresponding diagnostic delays, we chose six symptoms based on core manifestations of DM [1] and their high impact on quality of life [32] . The three core symptoms of DM chosen for analysis were myotonia (aggregated by grip, jaw, general, leg, and tongue), weakness (aggregated by arm, general, leg, facial, cough), and cataracts. The other symptoms analyzed were pain (aggregated by leg, arm, and general), fatigue, and sleep disturbances. Only the first symptom recorded by the patient was analyzed. Separate analyses were performed in DM1 and DM2.
Data are reported as means ± standard deviations or percentages. Group comparisons were performed using Wilcoxon rank sum tests and chi-square tests, as appropriate. Significance was set at a = 0.05 (two-tailed).
Results
The National Registry had 679 DM1 and 135 DM2 members who met our eligibility criteria at the time of data analysis. Average age of onset of symptoms was significantly greater in DM2 members (34.0 ± 14.1 years) compared to DM1 members (26.1 ± 13.2 years; p \ 0.0001). There were seven members included in our analyses who reported having onset of symptoms within their first year of life, but they did not have specific muscle weakness and maternal history to meet our classification of congenital DM. Overall, 26 % of members (n = 215/814) had initial symptoms reported before age 18 years.
Diagnostic delay was greater in DM2 members (14.4 ± 12.8 years) compared to DM1 members (7.3 ± 8.2 years; p \ 0.0001; Table 1 ). DM members with initial symptoms reported before age 18 years had greater diagnostic delay (13.0 ± 11.3 years) compared to members with onset after age 18 years (delays of 6.9 ± 8.2 years; p \ 0.0001). A higher percentage of DM2 patients (49.6 %) reported being the first member of their family diagnosed with DM compared to DM1 patients (39.3 %; p = 0.03). DM2 members who were index cases had similar diagnostic delays (14.8 ± 12.7 years) to nonindex DM2 members (13.9 ± 13.2 years; p = 0.70). Likewise, index case status in DM1 did not affect diagnostic delay (7.6 ± 8.3 years for index cases versus 7.2 ± 8.2 years for non-index cases; p = 0.48).
Compared to DM1 members, a significantly higher percentage of DM2 members of the Registry had genetic testing, EMG, and muscle biopsies (Fig. 1 ). For example, 71.1 % of DM2 members had received genetic confirmation of their disease compared to 57.6 % of DM1 members (p = 0.003). We reviewed the medical records of 96 genetically confirmed DM2 members. Based upon this review, the records for 25 (26 %) of these DM2 members included a previous misdiagnosis, such as chronic fatigue syndrome, arthritis, limb girdle muscular dystrophy, and other disorders ( Table 2) .
The majority of patients (n = 510) reported only one first symptom There were 243 patients who reported two initial symptoms, 49 patients with three initial symptoms, 6 patients with four initial symptoms, and 6 patients with unavailable symptom data. The percentages of DM1 and DM2 subjects reporting each first symptom are provided in Table 3 . With respect to initial symptoms, a higher percentage of DM2 members relative to DM1 members reported leg weakness (32.6 % versus 9.0 %; p \ 0.0001) and any type of pain (11.1 % versus 3.0 %; p \ 0.0001). In contrast, a higher percentage of DM1 members relative to DM2 members reported grip myotonia (38.3 % versus 17.8; p \ 0.0001), arm weakness (19.4 % versus 8.2 %; p = 0.002), and facial weakness (4.4 % versus 0.7 %, p = 0.04) as initial symptoms. DM1 members who reported weakness as their first symptom had a shorter diagnostic delay (6.6 ± 8.2 years, n = 214) than patients who reported their first symptom as myotonia (7.6 ± 7.6 years, n = 271; p = 0.02), fatigue (11.5 ± 10.9 years, n = 18; p = 0.04), and sleep disturbances (15.6 ± 13.4 years, n = 5; p = 0.05). Diagnostic delay did not differ significantly among the other initial symptom groups in DM1, nor were there any significant differences among groups of DM2 patients with various initial symptoms (p [ 0.50).
Discussion
This report is our initial description of diagnostic delays in DM1 (7.3 ± 8.2 years) and DM2 (14.4 ± 12.8 years). In addition to these delays in diagnosis, we found that DM2 patients underwent a higher percentage of EMG evaluations and muscle biopsies before specific genetic testing than DM1 patients. Strengths of this study include a large sample of DM patients with confirmed diagnoses by medical record review; a broad age range; equally represented genders; and a broad spectrum of disease symptoms, onset, and severity [31] . Limitations of our report are that enrollment in the Registry is voluntary and, like in other studies, our sample may represent a more motivated patient population. Further studies to confirm our observations are needed. For example, there are opportunities to develop collaborations with the establishment of international registries in DM and other diseases [33, 34] and to develop more epidemiologically based studies, similar to the Center for Disease Control's Muscular Dystrophy Surveillance, Tracking, and Research Network [35] .
Additional studies are needed to evaluate if personal interviews with patients reveal even greater diagnostic delays. This approach allows patients to receive prompting during their interview and encourages them to report any subtle, earlier signs of the disease. Such interviews may reveal even greater diagnostic delays compared to our results. However, previous studies indicate that patient reports of first symptoms provide an appropriate basis for measuring of age of onset regardless of inclusion or exclusion of the index patient [36] . Researchers suggest that such patient reporting is accurate and distinctive because of the spectrum and severity of initial symptoms, especially between siblings and across generations [36] . Indeed, our data show that diagnostic delays were similar between index and non-index patients in both DM1 and DM2. In addition, our data on the age at onset of symptoms in DM2 members (mean = 34 years) were similar to earlier observations (mean = 37 years) [8] .
A higher percentage of DM2 members of the Registry than DM1 members reported being the first person of their family diagnosed. These data suggest that previous generations of at-risk or affected DM2 family members were not correctly diagnosed, very mildly affected, or unaffected. Our medical record review of genetically confirmed DM2 members indicated a variety of previous misdiagnoses. Many of the symptoms of these misdiagnoses closely resemble the symptoms and signs observed in DM2, such as the pain and muscle weakness associated with arthritis, chronic fatigue syndrome, and limb girdle muscular dystrophy (Table 2) . Most of these misdiagnoses were made by neurologists (76 % total). The differing medical histories and potential multi-system manifestations of these patients who were misdiagnosed are not available. One other study has documented misdiagnosis in DM. A study by Finnish investigators tested 63 fibromyalgia patients for the DM2 mutation and reported that two patients tested positive [26] . While our methodological approach was different, we observed that one DM2 patient had a previous misdiagnosis of fibromyalgia. The full range of these misdiagnoses warrants further study to help clinicians and patients better assess the most common symptoms and disorders that may mimic and deter the diagnosis of DM. Confirmatory clinical data on the types of misdiagnoses common in DM are needed to raise more awareness of early onset manifestations of DM. Improving the diagnosis of DM is crucial in order to meet the short term clinical needs of patients and to prepare for the long term prospects of promising experimental therapies. In the short term, standards of care are needed to facilitate the management of the multisystem manifestations of DM and their broad impact on quality of life. For example, Registry data suggest that pain is an important indicator of the onset of DM2 for patients and care providers to assess. Pain can be especially troublesome and more distinct in DM2 than DM1 as it can fluctuate over time and can be affected by exercise, palpation, and temperature [15, 37] . Another study indicated that 76 % of DM2 patients (n = 93) have experienced pain that has adversely affected their quality of life [38] . The pathomechanism for this type of pain that frequently occurs in DM2 remains unknown. Better understanding of pain amongst researchers and care providers may facilitate differential diagnoses through new clinical criteria or potential biomarkers for DM2. We need better ways to diagnose this pain, to measure its impact and progression, and to establish optimal pain treatment.
In addition, delays in diagnosis hinder appropriate care of several manifestations of DM that are often disabling, including excessive sleepiness, endocrine disorders, and cognitive symptoms [10] . Many of these symptoms require prompt detection and clinical care to ease burdens of disease, such as disability and unemployment. Delays in diagnoses also impact critical care of DM. More awareness is needed of treatment and preventative care for anesthesia risks [10, [39] [40] [41] , cardiac conduction disorders and sudden death [42] [43] [44] [45] , and potential increased rates of certain cancers in DM [46] [47] [48] [49] .
The urgency for earlier detection of DM is also catalyzed by promising experimental therapies. For example, researchers have recently developed small molecule therapies that reverse myotonia and muscle fiber alterations in a mouse model of DM1 [30] . There is guarded optimism that these results can be translated into human clinical studies. Yet, much work remains to become ''trial ready'' and to better understand and measure the spectrum and progression of disease manifestations. It is imperative to diagnose patients earlier in the disease course if promising experimental therapies can reverse or delay onset of symptoms and potentially ward off the progression of many disabling manifestations.
In light of these short and long term prospects of care, there is an increased need to adopt new guidelines to lower the threshold of genetic testing and to broaden the consideration of a DM diagnosis in patients [16] . Better understanding of the spectrum of symptoms at onset will facilitate the development of new diagnostic guidelines. Our data suggest longer diagnostic delays if DM1 patients have myotonia, sleep disturbances, or fatigue as their first symptom compared to weakness, although the small sample sizes in some of these subgroups and the problem of multiple subgroup comparisons limit the conclusions that can be drawn. One reason for these longer delays might be that weakness is a complaint that physicians encounter commonly, and they are able to conduct the necessary clinical examinations to quickly identify the pattern and severity of weakness. Clinicians may be much less likely to perform grip myotonia evaluations or thenar muscle percussion testing for myotonia in patients who complain of stiffness or intermittent problems with their grip. Detection of myotonia is often difficult for physicians because grip myotonia is often subtle, variable, and less problematic to patients compared to weakness. Patients often adapt to their myotonia by using warm-up exercise to relieve myotonia, making ''less than full effort'' grip, or by maneuvering their hands and forearms to facilitate certain activities of daily living, for example, using more of their wrist extensors in combination with short and long finger flexors to overcome difficulty with buttons.
Longer diagnostic delays associated with fatigue and sleep disturbances as initial symptoms could be due to the fact that both symptoms are common and their impact is often high in a variety of neurological disorders, psychological problems, and systemic medical diseases. Follow-up studies with larger sample sizes are needed to determine if first symptoms are associated with other subtle clinical signs of DM. In evaluating patients who lack the core signs of DM (cataracts, myotonia or clear family history), it is important to discuss family history and look for any individuals with weakness or signs of multi-system involvement observed in DM [15] .
Many patients with DM present with multi-system problems during their initial clinical exam, for example, reporting various severities of pain, stiffness, and fatigue [1] . These symptoms are commonly reported in the general population, but if reported with subtle weakness or myotonia, they may point to DM as a potential diagnosis. Inquiring about subtle manifestations is complicated in patients with DM because their cognitive symptoms may include apathy or an uncomplaining personality [50] . The patient may downplay or completely overlook their myotonia or mild weakness. The physician needs persistence in questioning the patient and family members about both their understated and most troublesome problems. Often, giving an example to the patient of seemingly unrelated complications (e.g., bowel dysfunction and excessive sleepiness) may help the patient recall these problems. Symptoms that may have the most impact on the lives of patients with DM include fatigue, limitations on mobility, problems with arms or hands, and daytime sleepiness [32] . These past data and our current report suggest that it may be valuable for neurologists to include fatigue, distal weakness, facial weakness, and hypersomnia in targeted questioning of patients to explore a potential DM1 diagnosis. More pertinent questions to probe for DM2 include those related to pain, trouble rising from a chair, or stiffness. These different queries may help guide the neurologist to consider DM and distinguish its subtypes.
The age of onset is another important consideration in the differential diagnosis of DM, with our data confirming previous reports of average onset in the second decade for DM1 and in the third decade for DM2. Our data also show greater diagnostic delays in members who report symptoms before age 18 years. These results indicate that symptoms may appear sooner than expected and awareness of these disorders remains too low amongst neurologists. Detecting cases earlier and preventing misdiagnosis can be facilitated by educating care providers, researchers, patients, and family members about the diverse timing of onset and diversity of symptoms of DM1 and DM2. community for over 20 years. She created the Hunter Fund for myotonic dystrophy; catalyzed the creation of the Myotonic Dystrophy Foundation, serving as its founding chair; and was a pivotal member of the Registry's Scientific Advisory Committee. Her ''odyssey'' and passion to improve the care of patients with myotonic dystrophy will continue to inspire our hearts, minds, and research. Conflicts of interest On behalf of all authors, the corresponding author states that there is no conflict of interest.
